In this paper, we propose a heuristic algorithm to solve a practical ship scheduling problem for international crude oil transportation. The problem is considered as a vehicle routing problem with split deliveries. The objective of this paper is to find an optimal assignment of tankers, a sequence of visiting and loading volume simultaneously in order to minimize the total distance satisfying the capacity of tankers. A savings-based meta-heuristic algorithm with lot sizing parameters and volume assignment heuristic is developed. The proposed method is applied to solve a case study with real data. Computational results demonstrate the effectiveness of the heuristic algorithm compared with that of human operators.
Introduction
Nowadays business strategies have been driven by the global economy to integrate supply chain planning from local to global. Comprehensive logistics solutions are critical to integrate supply chain management in the global landscape. Japan is one of the largest and most technologically advanced producers. Efficient and integrated supply chain management becomes an important issue for Japan in an increasingly global environment. Oil is considered as one of the most consumed energy resources in Japan. Japan consumed 4.4 million barrels per day (bbl/d) of oil in 2010, according to a survey by EIA as seen in Fig. 1 . Due to lack of domestic resources, the production level of oil is quite low, which drives Japan to become the third-largest net importer of oil in the world after the United States and China in 2009. This country is primarily dependent on the Middle East for its oil imports, as roughly 80 percent of Japanese crude oil imports originate in the region up from 70 % in the mid-1980 (http://www.eia.doe.gov/cabs/Japan/Oil.html). Saudi Arabia, as one of the most important crude oil import sources, occupies 27% of Japan's oil imports in Fig.  2 . Due to geographical reasons, scheduling of crude oil transportation becomes a critical challenge for Japanese energy industries. Unfortunately, some major Japanese oil companies are still operating transportation planning and information handling system manually. Thus, it is highly required that an international transportation scheduling system could be implemented automatically in order to increase efficiency of planning. It is also easier for new operators to execute the scheduling system once personnel change occurs.
In Japan, demand for different types of crude oils is high from Arabian countries. Thus, efficient scheduling for international oil transportation becomes a key issue for Japanese oil companies. In order to increase efficiency, the assignment, the sequence and the loading volume of demand should be optimized simultaneously. In many practical situations, these decisions are executed manually through the negotiation between human operators based on contracts with suppliers individually. In order to help decision making for human operators, automatic generation of practical ship schedules is highly required to avoid human errors and increase efficiency of decision making.
Based on those realistic expectations from current Japanese oil company situations, we propose an optimization approach to solve the international crude oil transportation problem in order to satisfy their practical requirements. The main problem in this paper is to resolve how much oil should be loaded and which loading place should be chosen for each targeted tanker.
The rest of the paper is organized by the following sections. Section 2 describes a literature review for related works. In Section 3, we define the international oil scheduling problem and formulate it as a mixed integer nonlinear programming problem. We apply a heuristic approach to solve the problem. The lot sizing and savings-based meta-heuristic algorithms with variable assignment heuristics concepts are developed in the proposed approach which is explained in Section 4. Computational experiments are demonstrated in Section 5. Section 6 concludes our study and states future research. 
Literature review
Maritime transportation is a major transportation mode of international trade. The demand for international maritime transport is increasing consistently. An analytical model concerning the international maritime transport market has been studied (Kuruda et al. 2005) . Ship scheduling problems have been widely investigated. An optimization approach to a generalized set-packing model for ship scheduling problems has been addressed (Kim and Lee 1997). They generate a feasible ship schedule by a directed acyclic graph. Fagerholt (2001) proposes an optimization model for multi-ship pickup and delivery problems. The dynamic programming is used to solve the shortest path problems for ship scheduling. A heuristic search algorithm for ship routing and scheduling problems with split loads is introduced by Korsvik et al. (2011) .
The transportation problem of visiting customers of a fleet of vehicles can be modeled as a vehicle routing problem with time window (VRPTW). However, the problem in our paper is different from VRP that demand can be split into one or more than two deliveries. In addition, it is required to determine not only the assignment and sequence but also the optimal loading volume simultaneously. Archetti and Speranza (2011) give a survey on vehicle routing problems with split deliveries recently. The difficulty is to determine the assignment, the sequence and optimal loading volume simultaneously. A two-stage algorithm with valid inequalities to solve the split delivery vehicle routing problem (SDVRP) is introduced (Jin et al. 2007 ). This algorithm can solve the problem with 21 demand points. A generalized problem of split delivery vehicle routing problems is introduced (Belenguer et al. 1998 ) (Jin et al. 2008 ). Belenguer et al. (1998) proposes a cutting-plane algorithm for the SDVRP based on a polyhedral study of the problem to yield good lower bounds and upper bounds. They consider the size of instances that have been solved optimally with up to 100 demand points. Jin et al. (2008) has shown that their column generation method could obtain relatively better performance than that of the cutting-plane algorithm. Paessens (1988) proposes a saving algorithm for the vehicle routing problem. In order to solve more practical problems, heuristic approaches are applied. New saving based algorithms are introduced to deal with the pickup and delivery of full truckloads problem under time window constraints (Gronalt et al. 2003) . They show that these heuristics can find very good solutions quickly. Archetti et al. (2006) applies a tabu search algorithm to solve the vehicle routing problem with split deliveries.
In this paper, we propose a heuristic approach to solve a practical international crude oil transportation problem. Due to the limitation of exact algorithms, a heuristic algorithm is proposed to solve the problem. The advantage of the heuristic approach in this paper is that it can handle a variety of complicated realistic constraints. In addition, it is also possible to solve large-size problems for companies. Computational results demonstrate the effectiveness of the proposed algorithm compared with the results created by human operators.
Ship scheduling problem for crude oil transportation

Problem description
The international ship scheduling problem for crude oil transportation mainly consists of two parts. The first part is the outbound ship loading planning problem, which determines the visiting route for a fleet of tankers to Arabian countries. Another part is inbound and outbound transport. The problem includes the loading procedure of crude oils in Arabian countries and the unloading procedure in Japan. In this paper, we introduce the first step of automating procedure which deals with the outbound international ship loading planning problem.
The objective of this research is to design a mathematical model to assign international crude oil transportation tasks systematically considering more practical situations. The goal of the mathematical model is to minimize cost, distance and loading volume simultaneously. Let be the set of loading places where crude oils can be loaded. Each crude oil can be loaded at only one loading place, but each loading place has one or more than two types of crude oils. In order to visit loading places, an intermediate point (depot) should be visited first. Let and denote loading place ( ). The distances between two loading places denoted by are not symmetric ( ) but satisfy the triangular inequality .
is the set of available tankers whose capacity of loading volume is different. The total demand volume for each crude oil is given by the contract from suppliers. The problem is set to find an optimal assignment, routing and loading volume schedule for a fleet of tankers in order to minimize total costs. Each tanker should start from the intermediate point (depot) and return to the depot after visiting loading places. It is assumed that each tanker has enough visiting time for each loading place, and there are no time window constraints. This international crude oil transportation problem is described in Fig. 3 . The tanker is assigned from one port from Japan to the depot. Then, it visits the first port and the second port in Arabian countries sequentially.
Fig. 3 International crude oil scheduling problem
The international crude oil transportation problem is characterized by the following constraints.
(1) The number of countries visited by a tanker is at most two. The port charge is imposed if a tanker occupies one port. If one tanker visits one port, visiting time should be sufficient in order to complete loading operations. (2) The loading volume of a tanker should be nearly full and the number of tankers should be minimized. The reason is that the visit from Japan to Arabian countries is time consuming and costs a lot. (3) There is a constraint that some specific ports should be visited first. The loading condition is different for each loading place. Minimum and maximum loading volume, constraints of splitting or merging of loading volume are given at each port in each country.
Problem formulation
The problem is formulated as a mixed integer nonlinear programming problem in this section. The first objective is to minimize the sum of the volume loss ratio that is written by maximum loading volume / total loading volume. The volume loss ratio takes a value of 100 if the sum of the volume loss ratio is minimized.
The second objective is to minimize the total distance traveled by tankers. The third objective is to minimize the sum of the port charge imposed by visiting each port. These objectives can be represented by the weighted sum of the objective function.
, , are weighting factors for the objective function.
Constraints:
The assignment constraints of loading places are denoted by
, ,
Each tanker starts from depot and return to depot after visiting loading places.
, , 1
The timing constraint (subtour elimination constraint) can be written by
The number of visiting loading places should be two or less than two except depot .
The loading volume should be less than the capacity of a tanker.
Total demand constraints:
Minimum and maximum loading volume constraints at the 1st visited loading place:
If the loading place i is visited as the 2nd visiting loading place, the minimum and maximum loading volume constraints are satisfied.
The left-hand side of equation exhibits the same loading place cannot be visited twice. If loading place i is visited first, the 2nd loading quantity for loading place i is zero, otherwise the 2nd loading quantity is less than the maximum volume.
, , ,
The loading volume of crude oil at the tth visited loading place for tanker can take a value if it is assigned. , , ,
Binary variable constraints:
Continuous variable constraints:
Integer variable constraints:
The difficulty of solving the model arises from the following characteristics.
• The model includes a vehicle routing problem. Each route is represented by a cycle. The assignment and sequence of demand should be optimized simultaneously.
• The model can be regarded as a set partitioning problem. The total loading volume should be equal to the total demand. This means that the total demand should be split into disjoint sets.
• The number of tankers should be minimized where the loading volume of tankers with different capacity should be nearly full with a minimum and maximum loading volume constraint.
A nonlinear term appears in the first term of the objective function. It should be linearized while the problem is solved by a mixed integer linear programming solver. As we state above, the international crude oil transportation problem in this section includes those characteristics which are difficult to solve simultaneously for practical situations efficiently. Therefore, we propose a heuristic approach to solve the problem.
Heuristic approach
After consulting with operators from the industry, the data we use in constraints are formatted into database. Not only general constraints stated above, but also various constraints depending on loading places and types of crude oil are involved. For the real situation, each tanker should visit two loading places sequentially. Therefore, a savings-based heuristic algorithm is applied to handle the practical problem in order to solve the large scale problem efficiently for Japanese oil companies. The objective of this algorithm is to determine routes and loading volume simultaneously. The saving value is applied to determine the routing of tankers. The lot sizing parameters are used to allocate the loading volume of oils.
Savings-based algorithm
A well-known heuristic to solve the vehicle routing problem is savings algorithm (Paessens 1988 ). In the algorithm, the initial allocation of each customer to a separate tour is generated. Then, cost-savings for every pair of customers on one tour is calculated. The pairs of customers with maximum cost-saving are joined into tours sequentially till no more savings can be achieved.
The saving value for this problem is to determine the optimal route, which is the combination of two loading places where the tanker will visit once. In other words, if the saving value is high, the visiting route of the combination of loading places is optimal. The saving distance in Fig. 4 for the combination of loading place and is calculated as The saving value of (17) is not sufficient because the port charge for the visiting of ports is neglected. The port charge of visiting two loading places sequentially is the same as that of a separate tour. However, due to the characteristic of split deliveries, there is a possibility that the same loading place is visited more than twice. In order to consider the port charge for visiting a port, the saving value is modified into ( , ) ,
According to the saving value, the priority of the combination of two ports can be determined. In general, the saving algorithm cannot treat split delivery vehicle routing problems. Therefore, we develop an optimization approach using the concept of lot sizing parameters.
Lot sizing parameter and volume assignment heuristic
After the assignment and routing of loading places are determined, the loading volume of demand should be determined including the split of deliveries. We use practical heuristic approaches which are applied by human operators. The human operators have enough information to determine lot sizing parameters of loading volume for each crude oil. The lot sizing parameters determine how to allocate the volume of crude oils in order to satisfy the demand since the demand of crude oil can be supplied from different loading places. The lot sizing parameter is specified for each crude oil. Based on lot sizing and demand parameters, we use heuristics that the loading place that the tanker visits which has the largest saving is prioritized. Other needed types of oils are also loaded based on the volume of demand till reach the capacity of a tanker. The loading volume is equally allocated according to the demand of each crude oil. Let ( , ) be the pair of the first loading oil loaded at the 1 st loading place and the 2 nd loading oil at the 2 nd loading place.
The pair of 1 st and 2 nd loading place has the maximum saving value which is calculated in Equation (18). and are the first and second visiting loading places that have the crude oil , , respectively. , are the number of crude oils at the first and second loading place , , respectively. The volume assignment heuristic algorithm is described as follow.
[Volume Assignment Heuristic]
Step 0 Set the current demand ( ). The number of assigned tanker is set to zero.
Step 1 Select a tanker to visit a pair of loading places with the highest priority. Select a pair of two loading places ( , ) that has the maximum value calculated by the saving value of (18) where demand of and is positive, and the pair is not selected in previous steps. Let , be the first loading oil loaded at the 1st loading place, and the second loading oil at the 2nd loading place satisfying 
respectively.
Step 2 Set the demand at the first loading oil and the second loading oils by
Step 3 Compute min( , ), and min( , ).
If ∑ ∑ , go to Step 4, and otherwise go to Step 5.
Step 4 The first loading quantity for tanker k at loading place is prioritized. The loading volume is determined by
These loading volumes are assigned to tanker . Go to Step 6.
Step 5 The second loading quantity for tanker k at loading place is prioritized. These loading volumes are assigned to tanker . Go to Step 6.
Step 6 ∑ , , , ∑ , , .
If
(
) then the algorithm is finished. Otherwise return to Step 1.
Note that at the step 1 of the algorithm, two loading places are selected. However, if the capacity of a tanker becomes full just after the selected tanker visits the first loading place, the loading quantity for the second loading place becomes zero. Then the selected tanker has no need to visit two loading places. For this situation, the selected tanker visits only one loading place even though two loading places are selected. The minimum loading volume constraint can be ensured by checking whether the rest of demand is less than the minimum loading volume specified at each loading place or not. If the rest of demand is less than the minimum loading volume, its demand cannot be assigned to any tanker violating the minimum loading volume constraint. There is an example to demonstrate the volume assignment heuristic in Fig. 5 .
Example:
Consider a situation when a priority of tankers, lot sizing parameter and saving value are given. The volume assignment heuristic determines the loading volume of crude oils for each tanker.
Firstly, a pair of loading places with the largest saving value is selected in Step 1. From
Step 2, we consider how to allocate oil to loading places. Let us assume a situation when demand for loading place 1 is oil 1(40) and oil 2 (30), and demand for loading place 2 is oil loading place with larger demand is given with a higher priority (loading place 1). In
Step 1, the demand of the loading place 1 is assigned firstly. Then, the loading quantity for each oil in loading place 2 is divided equally in proportional to the demand till reach the capacity of the tanker. The loading volume of oils at loading place 2 is determined in Step 3 of Fig. 5 Step 1: Choose a pair of loading place which has largest saving value. This pair has the priority.
Step 2: Compare demand and lot size for each loading place firstly, then choose smaller one. Compared with parameters of two loading places, the largest one is prioritized.
Step 3: Load oil in loading place 1 firstly, then according to the capacity of the tanker, the loading quantity for each type of oil in loading place 2 is divided equally in proportional to the demand till each tanker becomes full.
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Fig. 5 An illustrative example of volume assignment heuristic
Savings-based meta-heuristic algorithm
The saving value of (18) and lot sizing parameters are not optimal when several constraints are involved. We use a local search algorithm to find near-optimal solutions of lot sizing parameters and saving values to minimize the objective function. First, lot sizing parameters and saving values are initialized. The initial solution is generated from the saving heuristic. The saving value is calculated by the given distance and the port charge. Then, the lot sizing parameters and saving values are randomly generated from their neighborhood. We use three indictors which are volume ratio, total distance and total port charge to evaluate the performance. The proposed optimization algorithm we apply is a greedy local search meta-heuristic algorithm to optimize the lot sizing parameter, saving value and the assignment of tankers. The heuristic algorithm consists of following steps.
[Heuristic algorithm]
Step 1 Set an initial lot sizing parameter and saving value An initial lot sizing parameter, the weight of the objective function and the maximum number of iterations are set. The lot sizing parameter is determined according to history data. Saving value is calculated according to (18).
Step 3: Step 2 Generate an initial solution An initial solution is generated by the savings-based algorithm with the volume assignment heuristic.
Step 3 Generate a neighborhood solution
The lot sizing parameter and saving values are newly generated from random values by
( , )
where and are random integer number generated from uniform distribution.
The priority of tankers is randomly exchanged by using two point exchange neighborhood. The procedure of two point exchange neighborhood is as follows. We randomly select two tankers and exchange the priority of the selected tankers. In order to explain it, we also introduce an initial priority of tankers as the initial solution at the Step 1 of the heuristic algorithm.
Step 4 Execute volume assignment heuristic
The volume assignment heuristic procedure is executed to generate an assignment of demand to tankers satisfying several constraints.
Step 5 Evaluate the performance
If the performance of the newly generated solution is better than that of the current solution, the newly generated solution is adopted.
Step 6 Evaluate the convergence
If the current solution is not updated in the predetermined number of times or the maximum number of iterations is reached, the algorithm is terminated. Otherwise return to
Step 3.
Computational experiments
Case study
In order to evaluate the performance of the heuristic algorithm, we conduct a case study with real data. In the case study, the number of loading places is 22 and the number of crude oils is 22 which are loaded in different loading place. Table 1 shows the demand data and loading places for each crude oil. For each loading place, it has a maximum and minimum loading volume as shown in Table 2 . The distance matrix (22 22) is taken from the real mile data. The capacity of available tankers is provided in Table 3 . By using the data, computational experiments are executed. All weighting factors are set to 1.0. The random value is generated from (-2000, 2000) , and the random value is generated from (-500, 500). The maximum number of iterations is 10,000 times. An Intel Core i7 860 2.8GHz Processor with 3.46GB memory is used for computations. The total computation time was 9.8 sec. According to the algorithm mentioned above, we can obtain two results of the initial solution by saving heuristic (Init.) and the optimized solution by the proposed method (Opt.) in Table 4 . Operator is the actual results obtained by the human operators. From tables shown above, it is easy to observe that after the optimization, the number of tankers is reduced from 15 to 13, the total distance is reduced from 12,661 miles to 12,114 miles, and the port charge is also reduced. Compared with the results of the human operators, all of performance indices are significantly reduced. Meanwhile, human operators consider more complex constraints which are not described in this formulation. The volume rate should be nearly 100%. In this case, the result after the optimization by the heuristic algorithm is extremely better than those of human operators and the average volume ratio is also better. It can help decision making for human operators in practical cases. The priority of the terms in the objective function is still negotiable in the future. We should realize which terms are more considerable among the total distance, volume rate and the number of tankers in the practical cases. The computational results for the problem instance are provided in Table 5 . There are 11 tankers which are almost full among 13 tankers. (s is depot, 1st, 2nd are the loading places, dist. is total distance, cap. is capacity, vol. is total loading volume, ratio is volume ratio, and char. is port charge)
Performance evaluation
In order to evaluate the optimality of solutions derived by the proposed method, we conduct a comparison of the performance with an exact algorithm by CPLEX. In section 3.2, we formulate the problem as a mixed integer nonlinear programming problem. The weighting factors , , are set to 0, 1, 1, respectively. The nonlinear term disappears when the weighting factors are used. CPLEX12.1 (IBM ILOG CPLEX) is
